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ABSTRACT 

This  report  describes  the  continued  development  of  the  wide-angle,  low  noise 
BALAD  receiver  (Bleachable  Absorber  Laser  Amplifier  and  Detector).  The  spatial 
and  frequency  resolution  of  a  SF^  saturable  absorber  in  a  10.6/jm  BALAD  configura¬ 
tion  has  been  measured.  The  experimental  results  agree  with  the  theoretical  pre¬ 
dictions.  The  components  of  a  Xenon-Xenon  3.  5(]m  BALAD  system  have  been  assem 
bled,  and  experimental  tests  have  been  initiated.  The  theoretical  analysis  of  the 
propagation  of  coherent  optical  pulses  in  resonant  media  has  been  extended  to  three 
dimensions,  but  only  preliminary  results  have  been  obtained. 
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1.0  SUMMARY 


1 .  1  Objective 

The  objective  of  this  contract  is  the  investigation  of  Saturable  Absorbers  at  10.6jx 
and  3.  5/x,  and  their  application  to  BALAD  receivers. 

1 . 2  Background 

In  the  BALAD  (Bleachable  Absorber  Laser  Amplifier  and  a  Detector)  concept,  the 
gaseous  absorber  is  designed  to  saturate  at  an  average  intensity  above  the  amplified 
spontaneous  emission.  Thus,  the  spontaneous  emission  and  other  background  light  is 
absorbed.  The  bleachable  gas  acts  as  an  optical  squelch  suppressing  the  background 
radiation  which  does  not  coincide  with  the  signal  beam  in  direction,  polarization,  fre¬ 
quency  and  time.  In  addition,  the  signal  beam,  being  of  somewhat  higher  intensity,  is 
focused  down  on  the  absorber,  "burns  a  hole"  in  it,  and  passes  through  with  relatively 
little  attention.  Only  light  which  is  spacially  coherent  with  the  signal  gets  through  to 
the  detector. 

During  the  first  year's  effort  under  Contract  F30602-7  1  -C-0024,  a  search  was 
made  for  useful  absorbers  in  the  10.  6 p  and  3. 5/j.  ranges,  and  a  design  study  was  pursued. 
As  a  result,  the  gas  SF^  was  found  to  possess  adequate  properties  for  the  10.  6ji  wave¬ 
length  and  Xenon  was  found  to  have  very  good  properties  at  3. 5{i.  Demonstration  of  the 
BALAD  principle  at  3.  5/j,  with  Xenon  appears  to  be  much  more  straightforward  and  con¬ 
siderably  less  costly  at  this  time  than  a  similar  experiment  at  10.  bjj.  with  SF^.  The 
present  effort  is  a  logical  continuation  of  the  work  previously  performed  under  Contract 
F30602-71  -  C-  0024,  and  includes  the  areas  defined  in  Tasks  4.  1.1  thru  4.  1.3, 

1.3  Plan 

The  study  and  investigation  for  the  development,  design,  test,  and  analysis  of  the 
concept  of  a  Bleachable  Absorber  Laser  Amplifier  and  Detector  (BALAD)  has  been 
delineated  into  the  following  four  tasks: 

Task  4.  1 .  1 :  Development  of  design  techniques  for  the  BALAD  concept.  In  part 
this  will  involve  refinement  of  the  concepts  developed  under  Contract  F30602- 
7  1  -C-0024. 

Task  4,1.2:  Develop  techniques  for  filtering  out  radiation  from  all  but  the  work¬ 
ing  line  in  the  10.6/t  CO^  laser  amplifier  and  in  amplifiers  in  the  3  -  5/j.  spectral 
range  with  the  objective  of  determining  the  optimum  technique  to  be  used  in  a 
BALAD  receiver. 

Task  4.  1.3:  Experimental  demonstration  of  a  BALAD  receiver  utilizing  Xenon 
both  as  the  absorbing  and  amplifying  gases;  in  particular,  using  a  pulse  modulated 
Xenon  oscillator  as  a  source,  measure  and  compare  with  theoretical  predictions 
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the  performance  of  the  BALAD  receiver  as  a  function  of  input  pulse  energy,  du¬ 
ration  and  direction  of  propagation  with  respect  to  the  parameters:  pulse  energy 
amplification,  amplification  bandwidth,  absorber  filter  bandwidth,  field  of  view, 
absorber  geometry,  no  detection  and  false  detection  error  rates  in  the  pulsed 
case,  signal  to  noise  ratio  in  the  CW  case. 

Task  4.  1.4:  System  Safety  Analysis.  In  the  conduct  of  design  and  fabrication  of 
hardware  a  system  safety  analysis  shall  be  performed  and  documented.  These 
studies  shall  be  in  accordance  with  Paragraph  5.  8.  2.  1  of  MIL-STD-882  where, 
applicable. 

1  •  4  Technical  Problems,  Methodology,  and  Results 

During  this  period,  the  Bleachable  Absorber  component  of  a  CO^-SF^  BALAD 
system  has  been  tested  and  the  results  are  reported  here.  A  Xenon-Xenon  BALAD  sys¬ 
tem  has  been  assembled;  but  only  preliminary  tests  have  begun.  The  results  obtained 
on  this  and  the  remaining  tasks  will  be  reported  in  the  final  report.  The  theoretical 
analysis  of  the  propagation  of  a  realistic  optical  pulse  with  limited  transverse  extent 
has  progressed.  Preliminary  results  indicate  the  existence  of  a  strong  focusing  effect 
in  the  saturated  absorber,  which  might  yield  a  significant  improvement  in  the  design 

of  a  BALAD  receiver.  The  following  subsections  summarize  the  developments  in  each 
of  these  topics. 

1'4'1  ExPerirnental  StudY  of  Components  of  a  CQ2-SF6  BALAD  Receiver  System 

The  heart  of  any  BALAD  system  is  the  saturable  absorber.  In  conjunction  with 
associated  optics,  this  element  provides  a  filler  or  aperture,  which  passes  the  signal 
and  blocks  all  noise  components  which  are  not  coherent  with  the  signal.  Although  the 
desired  filter  or  aperture  behavior  is  based  on  a  firm  theoretical  basis,  and  the  hole 
burned  in  the  frequency  spectrum  has  been  observed,  the  existence  of  the  "spatial  hole" 
has  not,  in  fact,  been  subjected  to  previous  experimental  test.  The  purpose  of  this 
task  is  to  provide  a  conclusive  experimental  test  of  the  BALAD  concept.  The  experi¬ 
mental  results  were  precisely  in  accord  with  theory.  The  "spatial  hole"  agreed  with 
the  expected  "diffraction  limited"  minimum  spot  size  and  we  have  confirmed  that  the 
"hole"  in  the  frequency  spectrum  agrees  with  the  expected  power  broadened  homogeneous 
linewidth.  These  results  are  detailed  in  Section  2. 

1*4.2  Experimental  Study  of  the  Xenon-Xenon  BALAD  Receiver  System 

The  assembly  of  the  Xenon-Xenon  BALAD  receiver  system  is  essentially  complete. 
Preliminary  results  have  been  obtained  with  a  5mm  diameter,  20cm  long  pure  Xenon 
absorption  cell.  These  results,  compared  with  the  previous  results  with  a  10mm  bore 
tube,  indicate  that  the  maximum  absorption  varies  as  ( l/diameter ) .  Discharge  noise 
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has  been  a  major  problem,  and  may  limit  the  usefulness  of  the  Xenon-Xenon  BALAD 
system.  These  results  are  discussed  briefly  in  Section  3. 0,  and  will  be  reported  in 
detail  in  the  final  report. 

1.4.3  Transverse  and  Spatial  Evolution  of  Optical  Pulses  in  a  Saturated  Absorber 

The  theoretical  analysis  of  the  propagation  of  an  optical  pulse  in  a  saturated  ab¬ 
sorber  has  been  significantly  advanced.  The  analysis  specifically  treats  the  realistic 
case  of  a  pulse  of  limited  transverse  dimensions.  Preliminary  results  indicate  the 
existence  of  a  strong  self -focusing  effect  which  could  result  in  a  significant  improve¬ 
ment  in  the  design  of  a  BALAD  receiver.  These  results  are  discussed  briefly  in 
Section  4.  0,  and  will  be  reported  in  detail  in  the  final  report. 

1 . 5  Implications  for  the  Department  of  Defense 

The  previous  study^  indicated  that  a  BALAD  receiver  for  10.6jim  CC>2  laser 
signals  as  reported  in  RAD C -TR -72 -3 1 3 ,  is  feasible  for  application  in  an  optical  radar. 
Its  usefulness  would  be  to  detect  a  target  of  uncertain  position.  For  example,  the 
receiver  could  be  remote  from  the  transmitter.  The  BALAD  receiver  could  also 
sensitively  receive  several  separated  signals  simultaneously,  or  even  an  entire  image. 
The  spatial  and  spectral  resolution  of  an  SF^  saturable  absorber  in  a  BALAD  receiver 
has  been  experimentally  verified. 

A  BALAD  receiver  utilizing  Xenon  gas  could  function  in  a  shorter  range  but  higher 
resolution  optical  radar  than  the  CO.,  system.  This  wide-angle  receiver  also  could  be 
utilized  in  a  lightweight  secure  communication  system.  Discharge  noise  in  the  Xenon 
absorber  may  limit  the  usefulness  of  the  Xenon-Xenon  BALAD  system. 

1 . 6  Implications  for  Further  Research  and  Development 

The  difficulties  encountered  with  the  Xenon  absorber  discharge  noise  point  up  the 
need  for  further  research  to  achieve  quiet  discharge  conditions  while  achieving  the 
desired  high  absorption  coefficient. 

The  self  focusing  effect,  indicated  by  the  numerical  analysis  of  the  propagation  of 
a  spatially  limited  pulse  in  a  saturated  rbsorber  should  be  investigated  further.  If  the 
•effect  is  sufficiently  strong,  it  could  result  in  a  significant  improvement  in  BALAD 
receiver  design. 


2.  0  EXPERIMENTAL  STUDY  OF  COMPONENTS  OF  A  CCL-SF,  BALAD 

(?)  2  6 
RECEIVER  SYSTEM'  ' 


2.  1  Introduction  and  Background 


2.  1.  1  Laser  Receiver  Requirements 


A  gaseous  saturable  absorber  may  be  of  use  in  the  construction  of  a  low-noise, 
wide-angle  laser  receiver.  Such  a  receiver  would  have  advantages  in  a  practical 
radar  system.  Since  the  target  direction  is  initially  unknown,,  the  receiver  must 
have  sufficient  field-of- view  such  that  the  solid  angle  of  interest  can  be  scanned  with 
a  reasonable  number  of  transmitted  puic°s.  The  pulse  energy  returned  by  a  distant 
target  of  small  optical  cross-section  may  be  quite  small,  necessitating  a  sensitive 
receiver,  with  low  noise,  to  insure  satisfactory  error  rates. 

Direct  detection  with  a  large-area  detector  can  give  the  required  field- of -view. 
However,  thermal  receiver  noise,  a  less  than  perfect  detector  quantum  efficiency, 
and  the  reliance  of  ue  sky  result  in  poor  noise  characteristics.  Heterodyne  recep¬ 
tion  can  be  used  to  achieve  excellent  Signal  to  Noise  ratios.  However,  it  suffers 
from  the  following  deficiencies:  very  limited  field-of-view;  excessive  receiver 
complexity;  rapid  signal  degrade  on  ,u  an  imperfect  atmosphere.  A  receiver  which 
promises  to  have  better  characteristics  as  far  as  field-of-view,  detectivity,  and 
receiver  complexity  is  the  BALAD  receiver^  \ 


2.  1.  2  The  BALAD  Receiver 

The  BALAD  receiver  (Bleachable  Absorber  Laser  Receiver  and  Detector)  con¬ 
sists  of  a  high  gain  laser  pre-amplifier,  a  bleachable  (saturable)  absorber,  and  a 
large-area  detector  as  shown  in  Figure  1.  The  signal  is  directed  through  the  laser 
amplifier  section  in  which  it  is  amp'ified  along  with  spontaneous  emission  from  the 
amplifier  medium.  The  system  parameters  are  adjusted  so  that  the  spontaneous 
emission  intensity,  upon  entering  the  absorption  cell,  is  insufficient  to  saturate  the 
absorber.  Therefore,  the  soontaneous  emission  noise  (as  well  as  all  other  back¬ 
ground  radiation)  is  absorbed.  The  signal,  focused  to  a  spot  of  somewhat  higher 
intensity,  saturates,  or  "burns  a  hole"  in  the  absorbing  med’um  and  suffers  much 
less  attenuation.  Spontaneous  emission  which  is  spatially  and  spectrally  coherent 
with  the  signal  also  passes  through  with  relatively  little  attenuation.  However,  this 
is  the  fundamental  limi  ’  ig  noise  for  any  detection  system. 

The  spectral  selectivity  results  from  the  fact  that  in  a  Doppler-broadened 
medium,  the  signal  will  saturate  that  velocity  group  which  .  s  resonant  with  the 
signal  field^  * 

The  spatial  (angular)  resolution  results  from  the  fact  that  the  signal  from  an 
unresolved  target,  at  least  in  an  unperturbed  atmosphere,  will  occupy  only  one  spa- 
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tial  mode.  For  the  purposes  of  this  report,  a  spatial  mode  will  be  considered  the 
difiraction-limited  spot  characteristic  of  the  collection  optics.  If  the  spot  size  in 
the  absorber  is  larger  than  the  average  diffusion  length,  there  will  be  negligible 
cross- relaxation  between  spatial  modes. 

2.  (.  3  A  Practical  BALAD  Receiver 

The  most  promising  laser/ absorber  combination  is  a  CO.,  laser  and  sulfur 
hexafluoride  (3F^)  as  the  absorber.  The  high  efficiency,  high  power  output,  and 
usable  gain  of  CO^  as  a  laser  medium,  coupled  with  the  transparency  of  the  atmos¬ 
phere  at  10.  b  microns  make  it  an  exc ellent  cl oir  e  for  the  laser/amplifier  medium. 
Sulfur  hexafluoride  has  a  relatively  high  absorption  coefficient,  a  low  saturation  in¬ 
tensity  and  absorption  bands  which  overlap  all  interesting  CO.,  laser  transitions  at 
room  temperature. 

Over  the  range  of  pressure  of  interest,  the  absorption  coefficient  is  propor¬ 
tional  to  the  number  of  absorbing  molecules  per  unit  volume,  i.  e.  ,  it  is  proportional 

to  thi  pressure,  p.  The  intensity  to  saturate  the  medium,  on  the  other  hand  varies 
2 

as  p  .  The  conflicting  requirements  lead  to  operation  at  low  pressures  with  long 
cells  in  order  that  the  required  pre-amplifier  gain  will  not  be  unreasonable. 

Since  it  is  essential  to  keep  the  medium  well  saturated  by  the  signal  beam, 
it  i3  important  to  keep  the  beam  diameter  small  in  order  that  the  intensity  be  as 
high  as  practical  in  the  absorber.  The  actual  receiver  configuration  may  have  to 
be  shown  in  Figure  2,  where  the  beam  is  periodically  refocused  down  to  a  small 
spot  in  the  absorber  cells. 

A  typical  arrange  nent  might  be  to  (somewhat  arbitrarily)  restrict  the  beam 
diameter  to  <J2  of  the  minimum  beam  diameter  (i.  e.  ,  a  factor  of  2  in  area).  Al¬ 
ternative  structures  might  use  a  "fly's  eye"  lens  system  or  a  bundle  of  optical 
waveguides  to  prevent  the  beam  from  res  preading 

2.  1.  4  The  SF^  v,  Absorption 

The  SF^  molecule  is  <  symmetric  rotor  with  the  sulfur  atom  at  the  center  of 
symmetry.  It  has  several  absorption  bands  in  the  infrared  region,  including  the  v  ^ 
band^  at  947.  9  cm  Rotational  line  splitting  causes  many  of  the  v  absorption 
lines  to  overlap  with  CO.,  laser  transitions.  Of  particular  interest  is  the  line  which 
overlaps  the  P ( 1 8 )  transition  in  CO^;  its  high  absorption  coefficient,  closeness  to 
the  CO.,  line  center,  coupled  with  the  high  power  output  available  from  the  laser  on 
this  transition,  make  it  *\  good  choice  for  this  investigation.  All  calculations  and 
measurements  to  follow  assume  operation  on  this  line  unless  otherwise  stated. 

Some  of  the  characteristics  of  this  absorption  line  which  will  be  important  for  the 
purposes  of  analysis  are  as  follows: 


Nggr; 


1.  The  absorption  coefficient  is  a  linear  function  of  pressure,  as  was  indicated 

(5)  -  1 

earlier.  Its  value  per  unit  pressure  at  SF,  line  center  is  approximately  0.  7  cm 
-  1  k  //  \ 

Torr  and  the  lineshape  is  Gaussian,  consistent  with  Doppler-broadening  . 

(5) 

2.  It  has  been  shown  that  the  saturation  intensity  is  quadratic  in  A,  the 
total  rotational  relaxation  rate.  At  pressures  where  diffusion  to  the  walls  is  negli¬ 
gible  (above  ~  10  mTorr)  the  rotational  relaxation  is  predominantly  due  to  colli¬ 
sions,  Since  the  collision  rate  is  proportional  to  pressure,  the  saturation  intensity 
varies  as  p^.  Its  experimental  value  at  60  mTorr  is  25  _+  8  mW/cm^,  ^ 

3.  The  homogeneous  lindwidth,  at  the  pressure  used  in  this  experiment, 

is  predominantly  due  to  collisions  and  therefore  is  linear  in  p. 

2.  1.  5  Objectives 

The  objective  of  this  research  was  to  investigate  the  performance  of  a  BALAD 
receiver  configuration.  Towarl  this  end,  an  experimental  cell  was  constructed  and 
incorporated  into  an  arrangement  of  lasers  and  optics  suitable  for  the  measurement 
of  various  system  parameters. 

In  particular,  the  spatial  and  spectral  extent  of  the  "hole,  "  and  the  signal/ 
noise  attenuation  will  be  measured  and  compared  with  the  results  predicted  by  the 
theory  which  will  be  presented  and  developed. 

2.  2  Theory 

In  this  section,  the  tb  >ory  of  the  BALAD  receiver  will  be  examined  and  in 
particular,  expressions  will  ^e  found  to  predict  the  angular  discrimination,  the 
spectral  discrimination,  anu  the  extent  to  which  incoherent  noise  will  be  attenuated 
below  the  signal.  Throughout,  the  receiver  configuration  shall  be  assumed  to  be  the 
'  free-focus"  configuration  shown  in  Figure  1. 

2.  2.  1  Angular  Discrimination 

Angular  discrimination  in  the  free-focus  BALAD  receiver  is  proportional  to 
the  physical  size  of  the  "hole"  burned  in  the  saturable  absorber  by  the  signal  beam. 
The  solid  angle  through  which  the  hole  i3  seen  at  the  collection  aperture  is  essen¬ 
tially  the  same  solid  angle  through  which  noise  will  be  able  to  enter  and  suffer  the 
same  relatively  -mall  attenuation  as  the  signal. 

A  typical  arrangement  in  a  BALAD  receiver  might  be  to  choose  a  cell  length 
such  that  the  beam  will  only  diverge  to  Jz  of  its  minimum  diameter  (see  Figure  3). 

In  order  to  estimate  the  beam  size,  some  approximations  will  be  made.  The  dif¬ 
fraction  pattern  of  a  plane  wave  passing  through  a  circular  lens,  has,  in  the  focal 
plane,  a  radial  dependence  of  the  form  Jj(r)/  r  where  Jj  is  the  first  order  Bessel 
function  of  the  first  kind.  After  traveling  through  a  saturable  absorber,  the  anti- 
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no  1 3S  of  the  radial  function,  except  for  the  one  at  r  =  0,  will  be  attenuated  away 
faster  than  the  "main"  lobe  because  of  their  less  complete  saturation  of  the  absorp¬ 
tion.  Tins  will  give  rise  to  a  field  which  at  least  qualitatively  appears  to  be  Gaussia.. 
in  radial  dependence,  A  Gaussian  field,  near  the  focal  point,  can  be  well  approxi¬ 
mated  by  the  cor  focal  resonator  theory  of  Boyd  and  Kogelr.ick^.  The  variation  of 
the  confocal  beam  radius,  w,  with  distance  along  the  confocal  axis  is  given  by 

r  .  .,u 


The  cross-sectional  area  of  the  beam  clearly  doubles  when  z  =  z  .  The  length 
of  the  absorber  cell  is  then  restricted  to  2z  ,  or 


L  =  2jtu>  . 
o 


The  beam  radius  at  the  center  of  the  cell,  u>  can  be  taken,  to  a  first  approximation, 

to  be  the  radius  of  the  bearr.  had  the  saturable  absorber  not  been  present.  This  is 
.  * 

giver,  by 

.  I  \  /A  ,  f  is  the  focal  length 
w  =  1.  22  A  (- prl  where  ,  (2 

o  \D/  D  is  aperture  diameter.  '  ' 


If  the  hole  burned  in  the  saturable  absorber  has  this  same  radius,  then  the  an¬ 
gular  discrimination  of  the  BALAD  receiver  is  equal  to  the  resolving  power  of  the 
collection  optics.  It  is  important  to  note,  however,  the  assumption’  used  to  arrive 
at  this  result.  First,  there  is  no  spatial  mode-mixing  in  the  off-focal-plane  re¬ 
gions  which  two  adjacent  modes  have  in  common.  Second,  diffusion  and  thermal 
convection  effects,  which  vo  uld  tend  to  carry  saturated  molecules  from  one  mode 
to  another,  are  negligible.  Third,  the  beam  diameter  is  not  changed  by  the  pres¬ 
ence  of  the  saturable  absorber. 

2.  2.  2  Signal  and  Noise  Attenuation 

In  this  section,  expressions  will  be  derived  to  predict  the  attenuation  exper¬ 
ienced  by  the  saturating  signal,  and  by  noice  which  is  incoherent,  either  spatially 
or  spectrally  with  the  signal.  The  ratio  of  the  signal  attenuation  to  the  noise  at¬ 
tenuation  figures  prominantly  in  the  calculations  to  follow  and  shall  be  referred  to 
as  the  "hole  depth.  " 


*This  is  actually  the  first  zero  of  Jj. 
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2,  2,  2.  1  The  Saturable  Absorber  Hole  Depth 

The  problem  of  finding  the  attenuation  of  an  approximately  confocal  field  prop- 
ageing  through  a  saturable  absorber  is  not  readily  soluble  because  of  the  complica¬ 
tion  resulting  from  the  non-uniform  beam  ii  tensity  and  the  variation  of  the  beam 
radius  with  position  in  the  cell.  As  a  first  approximation,  the  behavior  of  plane 
waves  of  uniform  intensity  will  be  treated. 

The  attenuation  of  plane  waves  of  intensity  I,  traveling  through  an  absorptive 
medium  is  described  by 

dl 

dz  “  -aI  where  a  is  the  absorption  coefficient.  (3) 

For  the  case  of  an  inhomogeneously  broadened  medium,  a  is  given  by(6) 

<«> 

where  Ig  is  the  saturation  intensity,  and  is  the  unsaturated  absorption  coeffi¬ 
cient.  The  resulting  equation  is  separable,  yielding 


^  *  "f*  s 

- ° 0  =  ~  ds  where  s  is  the  normalized  (S) 

intensity  i/l  . 

s 

The  problem  was  solved  by  Rigrod(,)  and  is  included  in  Appendix  A.  The  solution  is 


~°Qt  -  A(s)  ■  <In  s  +2(1  +  s  )2  +  21  n(-/TTS  +  1) 


where  s  j  and  s2  are  the  input  and  output  intensities  respectively.  The  function 
A(s)  was  evaluated  by  computer  in  the  range  0.  I  -  s  -  ‘o 0 0  and  is  shown  plotted  in 
Figure  4.  The  signal  attenuation  can  now  be  formally  expressed  as 

s?  A  1  [ A(s  )  -a  t ] 


The  attenuation  of  noise  which  is  not  coherent  with  the  signal,  and  itself  is  not  suf- 
ficiently  intense  to  saturate  the  absorber  is  exp(~0Ql).  The  ratio  of  the  two  is  the 
hole  depth,  R 


A  *[  A(s  j )  -a^l ] 


exp(aof 
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The  attenuation  function,  A(s),  may  be  inverted  graphically  or,  as  is  done  h^r 

by  the  use  of  an  iterative  numerical  procedure.  According  to  Newton's  Method  the 

,  ,th  •  ' 

n  +  1  approximation  to  the  root  of  the  equation  f(x)  is  given  by 

f '  (x  n  ) 

In  the  case  of  the  Attenuation  function,  A(s),  equation  (9)  becomes 
Ml)  („) 

s  =  3 - ; -  - 2 — .  (10) 

'Jl  +s(n)  /  s(n) 

The  procedure  converges  rapidly  to  the  output  intensity,  s 

Because  of  the  difficulty  in  varying  the  physical  length  of  an  experimental  cell, 
it  was  decided  to  vary  the  parameter  a  t  by  changing  the  pressure.  For  an  absor- 
ber  of  fixed  length,  with  a  given  input  intensity  ,  the  hole  depth  as  a  function  of 
pressure  can  be  found.  The  absorption  coefficient,  a  ,  and  the  saturation  inten¬ 
sity,  Ig,  are  explicitly  given,  in  terms  of  pressure  by 

=  o'p  (11) 

13  =  1  P2  (12) 

i  i 

where  I  and  a  are  the  values  at  unit  pressure.  The  input  intensity  Sj  s  i/l  is 


Sj  =  Ij/I  p2  =  So/p2  (13 

where  Sq  is  the  normalized  input  intensity  at  unit  pressure.  Equations  (5),  (6), 
(11),  (12),  and  (13)  can  be  combined  and  solved  for  R  using  the  iteration  of  equa¬ 
tion  (10).  This  was  done  by  computer  and  is  shown  plotted  in  Figure  10  for  the 
values  of  a  and  Sq  given  in  sections,  2.  3.  2  and  2.  3.  3.  The  program  is  included 
in  Appendix  B. 


2.  2.  2.  2  The  "Apparent"  Hole  Depth 

Equatior  (7)  allows  the  calculation  of  the  attenuation  of  the  signal  and  noise. 
Experimentally,  these  quantities  can  be  measured  by  probing  an  absorption  cell, 
through  which  the  signal  is  propagating,  with  a  weak,  chopped  test  beam  (see 


*This  refers  to  the  un-normalized  input  intensity.  The  normalized  intensity, 
varies  with  pressure  through  I  . 


Figu  -e  7).  The  attenuation  of  the  test  beam,  however,  will  not  be  the  same  as  the 
signal  because  of  the  non-linearity  of  the  medium. 

If  the  frequency  of  the  test  beam  is  close  enough  to  the  signal  beam,  the  two 
beams  will  interact  with  essentially  the  same  group  of  absorbing  molecules.  The 
chopped  test  beam  cau  then  be  considered  a  small  increment,  Asj,  added  to  the 
signal.  This  will  give  rise  to  a  change  in  the  output,  As.,  The  quantity  As  /As. 
is  then  the  small-signal,  "a,  c.  "  (in  analogy  to  circuit  theory)  attenuation  of  the 
medium.  The  ratio  of  its  value  with  and  without  the  signal  present  is  defined  as  the 
"apparent"  hold  depth,  H. 

H  can  be  found  in  the  following  manner  in  terms  of  the  "true"  hole  depth,  R. 

A(s2)  =  A(s  j )  -  aj  .  (14) 

Taking  finite  differentials  on  both  sides  of  equation  (14)  gives 


From  equation  (5) 


A(s2)  As^  =  A(s  j )  A  s  j  . 


/(s)  =  ILtili  . 


Equations  (15)  and  (16)  are  combined  to  give 

l 

As?  s7  1  +  si  2 

T  TTT~  *  <17) 

A  small  fractional  change  in  the  input,  Asj/  s  j,  results  in  a  larger  fractional  change 

in  the  output  intensity  than  it  would  in  the  absence  of  the  saturable  absorber.  This 

(8 ) 

effect  is  related  to  the  so-called  "MARS"  amplification'  '  reported  by  Senitsky  and 
Cutler. 


In  the  absence  of  the  strong,  saturating  signal,  only  the  test  beam  is  present. 


Then 


,S1  S1 


In  the  presence  of  the  signal,  As^/As  j  is  given  by  equation  (17),  The  apparent 
hole  depth,  H,  is  the  ratio  of  equation  (17)  to  (18)  or 


*This  is  so  if  the  frequency  difference  is  much  smaller  than  the  homogeneous  band¬ 
width. 
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1 

1 


H  = 


1  +  9 


S 

1 


1 


(19) 


where  the  subscripts  1  and  2  refer  to  the  input  and  output,  respectively,  and  the 
superscripts  s  and  o  refer  to  with  and  without  the  saturating  signal  present.  The 
first  bracketed  quantity  in  equation  (19)  can  be  recognized  as  R,  the  ratio  of  satu¬ 
rated  to  unsaturated  attenuation.  Equation  (IV;  can  be  r:  written  as 

H  =  R 


1  + 


1  +  si 


(20) 


H,  which  is  implicitly  a  function  of  pressure,  has  been  plotted  in  Figure  10. 

2.  2.  2.  3  Parametric  Amplification  Effects 

Section  2.  2.  2.  1  concerned  itself  with  the  attenuation  of  the  signal,  and  that  of 
noise  which  is  totally  incoherent,  either  spatially  or  spectrally,  with  the  signal. 
There  remains  the  question  of  what  happens  to  noise  which  is  spatially  coincident 
with  the  signal,  and  is  at  (or  near)  the  frequency  of  the  signal. 

It  is  reasonable  tc  assume  that  some  type  of  parametric  effect  doea  occur 
for  noise  which  is  at  or  near  the  signal  frequency.  In  particular,  some  "MARS"- 
type  amplification  would  be  expected. 

"MARS"  amplification  for  an  inhomogeneously  broadened  line,  at  a  frequency 
offset  from  the  "pump"  is  a  very  difficult  problem  and  will  not  be  attempted  here. 

It  is  possible,  however,  to  make  some  qualitative  observations  about  this  effect. 

At  frequencies  far  from  the  "pvmp"  (i.  e.  ,  the  signal),  the  effect  should  vanish 
since  the  two  beams  would  be  interacting  with  totally  different  groups  of  molecules. 
Conversely,  for  a  small  enough  band  about  the  signal  frequency,  assumed  to  be  the 
homogeneous  bandwidth,  the  amplification  should  be  approximately  constant. 

For  noise  in  that  bandwidth  (centered  on  the  signal  frequency)  over  which  the 
parametric  interaction  can  be  regarded  as  constant,  some  quantitative  treatment 
is  possible.  Over  this  bandwidth,  the  noise  (CC>2  spontaneous  emission  or  sky 
radiance)  can  be  regarded  as  white.  Hence,  it  can  be  represented  by  in-phase  and 
quadrature  field  components  whose  amplitudes  have  a  zero-mean,  gaussian  distri- 

/  Q  \ 

bution'  ,  or  equivalently,  by  AM  and  FM  sidebands'.  The  quadrature  (FM)  com¬ 
ponent  acts  to  vary  the  frequency.  However,  over  this  small  frequency  range,  the 
medium  is  insensitive  to  frequency.  The  in-phase  (AM)  component,  on  the  other 
hand,  produces  variations  in  the  amplitude  (and  intensity)  of  the  signal.  The  bo- 

*This  assumes  noise  small  compared  to  signal^. 
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havior  of  the  system  to  small  variations  in  signal  was  discussed  in  section  2.  2.  2.  2, 
the  result  being 


As2  =  1  +  S1 
ST  .  3.  1  +  S 


Combining  equations  (20)  and  (21)  yields 


c.  f.  equation  (17). 


As2  _  Asl  /H'N 


It  is  shown  in  Appendix  D  that  for  this  case  (i.  e. ,  for  noise  which  can  be  regarded 
coherent  with  the  signal),  the  output  signal  to  noise  ratio  is  given  by 


where  S  and  N  are  the  detected  signal  and  noise  powers  respectively.  For  noise 
which  is  totally  incoherent  with  the  signal,  the  output  S/n  ratio  is  given  by 


(^2=  (n)i  [R 


Therefore,  for  incoherent  noise,  the  S/N  ratio  is  increased  (by  the  saturable  ab- 
sorber)  by  the  factor  R  ,  while  for  approximately  coherent  noise  it  is  degraded  by 
the  factor  R  /H^  (less  than  unity). 

In  an  optimized  system,  some  value  of  R  would  be  chosen  for  which  the 
signal-to- (total)  noise  ratio  would  be  maximized. 

2.  2.  3  Spectral  Discrimination 

In  this  section,  the  results  obtained  in  section  2,  2.  2,  particularly  equations 
(5)  and  (6),  will  be  modified  to  include  frequency  in  order  to  calculate  the  spectral 
width  of  the  "hole.  "  The  spectral  width  of  the  hole  is  important  because  the  amount 
of  noise  reaching  the  detector  (neglecting  parametric  effects)  is  directly  propor¬ 
tional  to  the  effective  "passband"  of  the  saturable  absorber. 

The  spectral  response  of  the  system  will  be  evaluated  using  the  assumption 
that  the  absorption  coefficient  can  be  considered  to  be  a  linear  superposition  of  the 
absorption  by  the  various  classes  (velocity  groups)  of  absorbing  molecules.  Fur¬ 
thermore,  it  will  be  assumed  that  the  homogeneous  molecular  response  bandwidth, 
Al'^,  is  much  smaller  than  the  full  Doppler  width,  or  equivalently,  that  the  popu- 
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lation  distribution  can  be  regarded  as  approximately  constant  over  seveial  homo¬ 
geneous  bandwidths. 

In  order  to  determine  the  relevant  characteristics  of  the  hole,  it  is  necessary 
to  examine  the  mechanism  of  hole-burning.  When  a  photon  is  absorbed  by  a  mole¬ 
cule  within  a  given  velocity-group,  that  molecule  is  no  longer  available  for  absorp¬ 
tion  and  the  number  01  absorbing  molecules  in  that  velocity-group  is  decreased. 

This  leads  to  a  "hole"  being  burned  in  the  velocity-group  population  distribution 
near  the  field  frequency  (i.  e. ,  where  the  field  most  strongly  couples  to  the  ab¬ 
sorbing  molecules). 

The  absorption  at  frequency  y  by  molecules  belonging  to  the  class  £  is  ii- 
rectly  proportional  to  the  homogeneous  lineshape  factor,  g^ (y  ).  For  a  collision- 
broadened  line,  the  homogeneous  lineshape  is  Lorentzian*^* 


g?(„  )  = 


A^h/  2n 


(v  -yf)^  +  (Ai/h/2)‘ 


where  is  the  full  spectral  width  at  half-maximum  (FWHM),  and  v  is  the  center 

frequency  for  absorption  by  molecules  of  class. 

The  total  rate  of  absorption  (for  a  field  at  y  )  is  the  sum  of  the  contributions 
of  each  of  the  velocity-groups,  in  effect,  a  convolution  of  the  homogeneous  res¬ 
ponse  function  (the  lineshape)  with  the  velocity-group  population  distribution.  The 
population  distribution  has  been  assumed  to  be  approximately  constant,  except  for 
the  "hole"  burned  around  the  field  frequency.  The  shape  of  the  hole  can  be  shown*6* 
to  be  given  by  an  expression  identical  to  equation  (25)  except  that  Ay  is  replaced 
by  Ay^,  the  spectral  width  ot  the  hole  in  the  velocity  distribution,  given  by 

1 

Ayp  =  Ayh(1  +  s)2  '  (26) 

The  total  rate  of  absorption  is  then  given  by  the  convolution  of  one  Lorentzian 
(of  width  Ayh)  with  a  term  which  is  the  sum  of  a  constant  and  another  Lorentzien 
(of  width  Ay  ),  The  result  of  the  latter  term  is  also  Lorentzian  with  a  width  equal 
to  the  sum  of  the  two  widths.  That  is,  the  spectral  width  of  the  hole  in  the  absorp¬ 
tion  distribution,  Ay^,  is  given  by 


A^a  =  Ayh  +Avp  =  A  vh[i  +(1  +S)1]  . 


At  the  field  frequency,  the  absorption  coefficient,  is  reduced  by  a  factor  of 
(1  f  s)2  as  seen  in  equation  (4).  Knowing  the  depth,  width  and  shape  of  the  hole, 
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mm  1111 


from  equations  (4),  (27)  and  (25)  respectively,  the  absorption  coefficient  can  be 
explicitly  written  in  terms  of  frequency  and  intensity. 


a(v  ,  s  )  = 


a 


o 


a 

o 


( 1  -  s  f 


g{v  ) 


(28) 


a 


1  - 


1 


(1  +  s)I 


,1  +  X 


(29) 


where 


v  -v 


1 


i  +  (i  +  s)i 


(30) 


and  v  is  the  field  frequency.  The  absorption  coefficient  is  plotted  vs.  frequency 
in  Figure  5. 

Equation  (29)  may  be  simplified  to 


a(v ,  s)  =  a 

o 


r*z  + 


2 

x 


1 

nT+s)^ 

+  i 


(31) 


By  defining  <5  as  the  frequency  deviation  normalized  to  the  homogeneous  half¬ 
width,  the  intensity  dependence  may  be  explicitly  included 
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where  v  -  v 

r  _  o 

Equation  (32)  can  be  rearranged  to 


a(v ,  s)_ 

i 

I  ?  l" 

s  +  2  +  2  (1  +  s)?  +  5^  (1  +  sp 

a 

o 

(1  +  s)? 

1  O 

s  +  2  +  2  (1  +  s)?  +  5^ 

(32) 


(33) 


Equation  (3  3)  gives  the  absorption  coefficient  vs.  frequency  for  a  saturable  absor¬ 
ber  through  which  a  strong  saturating  signal  is  propagating.  If  such  a  field  is 
propagating  in  the  presence  of  noise,  that  noise  which  is  close  in  frequency  to  the 
saturating  signal  will  suffer  somewhat  less  than  the  unsaturated  attenuation  even 
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though  that  noise  may  be  of  insufficient  intensity  to  saturate  the  medium  itself. 

In  order  to  treat  the  problem  of  a  small-signal  field  propagating  through  the 
absorber,  it  will  be  assumed  that  the  saturation  of  the  medium  is  the  sole  result  of 
the  intensity  of  the  strong  signal,  i.  e.  ,  the  small-signal  does  not  add  to  the  satura¬ 
tion.  This  assumption  neglects  any  parametric  interactions  which  would  be  present 
and  makes  the  problem  a  linear  one.  The  propagation  of  the  small-signal  field  is 
then  described  by 

du  . 

=  ~a(v  *  3>u  (34) 

where  u  is  the  normalized  intensity  of  the  small-signal  field.  Equation  (34)  can  be 
written  using  the  chain  rule  as 

du  ,  .  ,  ,  .  dz  , 

—  =  -a(v  ,  s)  dz  =  -ct( v  ,  s)-j^ds  .  (35) 


From  equation  (5) 

s 

- 1  . 

(1  +S)2_ 

When  equations  (33)  and  (36)  are  inserted  into  equation  (3r  •,  the  result  is 


ds 

-r-  =  -a 
dz  o 


(36) 


du 
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((1  +  s)2  +  l)2  +  62  (I  f  s)^ 


ds 

a 


((1  +  s,2  +  l)2  +  5 2 
This  can  be  integrated  exactly  (shown  in  Appendix  A)  with  the  result 


(37) 


u2  =  Uj  e 


&( s2)  -  (Msj) 


(38) 


where  the  subscripts  1  and  2  denote  input  and  output  respectively  and  $(s)  is  given 
by 


<f>  (s )  =  Ins  +  In 


(r  +  I)2  +  6 2 
(r  +  l)2 


_  1 

+  25  tan 

r  "1 

r  +  1 

5 

- 

(39) 


where  r  =  (1  +  s  )2  . 

As  was  indicated  in  section  2.  2.  2,  it  is  convenient,  in  the  experimental  situation 
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to  use  a  cell  of  fixed  length  and  to  vary  the  pressure.  Using  the  parameters  given 
in  sections  2.  3.  2  and  2.  3.  3,  the  small-signal  attenuation,  given  by  equations  (38) 
and  (39)  has  been  plotted  ip  Figure  6.  The  fact  that  the  homogeneous  linewidth, 

Ayh>  is  Pres  sure -broadened  through  collisions  is  included  so  that  the  horizontal 
axis  in  Figure  6  can  be  read  to  be  (within  a  constant  factor)  the  actual  frequency  de¬ 
viation  in  MHz. 


2.  3  Experiments  and  Results 

In  this  section,  the  experiments  performed  as  part  of  this  research  are  des¬ 
cribed,  as  well  as  the  apparatus  and  the  experimental  set-up.  The  results  are  com¬ 
pared  with  the  theoretical  predictions  of  Section  2.  2. 

2.  3.  1  Experimental  Set-up 

The  set-up  is  shown  in  Figure  7.  Laser  1  was  operated  in  a  folded  confocal 
configuration.  The  reflectors  were  spaced  67  cm.  apart  and  the  spacing  could  be 
adjusted  with  a  micrometer  screw  for  gross  length  adjustments.  One  of  the  mirrors 
was  also  mounted  on  a  piezoelectric  transducer  to  provide  for  electrically  tuning  the 
cavity  through  length  change.  Laser  2  was  also  operated  in  a  folded  confocal  con¬ 
figuration.  However,  this  laser  incorporated  a  diffraction  grating  as  one  of  its  feed¬ 
back  mirrors  making  it  possible  to  select  and  tune  across  any  CC>2  transition  de¬ 
sired.  It  also  had  a  piezoelectric  transducer  for  electrical  cavity  length  adjustment. 

Both  lasers  were  operated  with  gas  fills  of  1  Torr  Xe:  2  Torr  CCy  4  Torr  N  : 

8  Torr  He.  The  la^e-  Soth  had  a  power  output  of  approximately  1  watt  CW  when 
driven  by  12  ma.  constant-current  supplies.  The  plasma  tubes  had  1  cm.  bores 
and  had  NaCl  windows  affixed  to  each  end. 

The  reflection  optics  shown  are  all  first- surface  aluminized  mirrors  and  all 
refractive  optics  were  AR-coated  Germanium, 

The  absorption  cell,  which  was  made  of  glass,  had  an  inside  diameter  of  2.  2 
cm.  and  a  length  of  1  7.  5  cm.  The  windows  were  of  BaF£  and  were  cemented  onto 
the  cell  ends.  The  cell  was  mounted  in  a  cradle  which  could  be  mounted  on  a  stan¬ 
dard  triangular  optical  bench  and  was  connected  to  the  gas-handling  station  using 
copper  tubing.  The  SF&  pressure  was  monitored  using  a  Consolidated  Vacuum 
Corporation  Type  GMS-140  vacuum  gauge  which  was  initially  calibrated  against 
an  MKS  Baratron  capacitance  manometer. 

In  order  to  synchronously  detect  the  output  of  laser  2  in  the  presence  of  the 
other  laser's  output  and  noise,  the  output  beam  was  chopped  by  a  mechanical  chop¬ 
per  wheel  at  approximately  220  Hz.  The  output  was  also  passed  through  a  dimethyl 
ether  attenuator  cell  to  provide  for  a  continuously  adjustable  attenuation  of  the  signal. 


The  signal  was  detected  by  a  Philco  GPC-215  Ge:Au  detector  and  was  amplified 
by  a  solid  state  preamp  with  a  gain  of  =  100  and  a  bandwidth  of  ~  100  kHz.  The  sig¬ 
nal  was  then  either  displayed  on  a  Tektronix  545  oscilloscope  or  passed  through  a 
Princeton  Applied  Research  JB-5  Lock-in  Amplifier.  The  synchronously  detected 
signal  was  displayed  on  either  the  oscilloscope  or  a  calibrated  milliammeter.  The 
total  power  through  the  aperture  could  also  be  measured  using  an  Eppley  thermo¬ 
pile.  The  sweep  voltage  for  laser  2  was  obtained  from  a  Kepco  Labs  programmable 
high-voltage  power  supply  which  was  programmed  with  the  oscilloscope  sweep  out¬ 
put  voltage. 

2.  3.  2  Determination  of  Saturation  Intensity 

In  order  to  determine  the  saturation  intersity,  the  beam  from  laser  1  was  blocked 
and  the  iris  aperture  was  set  at  4.  7  mm.  ,  appropriate  for  the  length  of  the  cell  (see 
section  2.  3.  4).  The  SF^  pressure  was  adjusted  to  200  mTorr  and  the  attenuation  of 
the  chopped  signal  (from  laser  2)  was  measured  for  several  values  of  input  power. 

The  input  power  equivalent  to  a  normalized  intensity  of  unity  was  found  to  be  equal 
to  approximately  1.  77  mW.  by  curve  fitting  of  the  data  to  equation  (6)  as  shown  in 
Figure  8. 

The  radius  of  the  spot  into  which  this  power  is  focused  is  given  by  equation  (2) 

Wo  =  22  x  (£)  • 

2  2 

The  spot  area  is  the  i  7 ru>  or  .  0092  cm  .  This  would  yield  an  intensity  in  the 
2  ^ 

spot  of  200  mW/ cm  ,  (assuming  a  uniform  intensity  across  the  spot). 

i 

Using  equation  (12),  the  saturation  intensity  at  unit  pressure,  I  ,  would  be 

5  +  .  5  W/cm'L  At  60  mTorr,  the  saturation  intensity  would  then  be  18  mW/cm^. 

—  (5) 

This  agrees  well  with  the  value  (at  60  mTorr)  obtained  by  Rabinowitz  which  was 

25  _f  8  mW/ cm^. 

When  the  output  of  laser  1  was  unblocked,  adjusted  to  the  same  transition,  and 
measured,  it  was  found  to  produce  an  intensity  within  the  cell  which  was  78  times 
the  saturation  intensity  at  200  mTorr  pressure.  The  value  of  Sq  in  equation  (13)  can 
then  be  found  to  be  3.  1  2  _+  .  3. 

The  chief  source  of  error  was  probably  the  assumption  that  the  entire  complex 
geometric  situation  could  be  approximated  by  a  simple  circular  spot  of  uniform  in¬ 
tensity  and  constant  area. 

2.  3.  3  Determination  of  the  Absorption  Coefficient 

The  absorption  coefficient  for  any  given  SF^  transition  is  a  function  of  the 
frequency  at  which  measurements  are  made.  Specifically,  it  varies  with  frequency 
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in  a  gaussian  manner  (consistent  with  Doppler  broadening). 

The  experiments  which  follow  were  all  carried  out  at  a  frequency  estimated  to 
be  =  15  MHz.  below  the  SF^  line  center.  This  was  done  because  at  the  SF(  line 
center,  the  P ( 1 8 )  CO^  laser  transition  drops  off  rapidly  with  increasing  frequency. 
Since  the  lasers  were  unstabilized,  small  frequency  drifts  would  occur  and  cause 
significant  variations  in  output  power.  These  variations  would  make  accurate, 
repeatable  measurements  difficult.  At  the  frequency  chosen  for  the  experiments, 
the  laser  mode  is  essentially  flat,  making  its  output  power  relatively  insensitive 
to  small  frequency  cnanges. 

The  value  of  the  absorption  coefficient  (per  unit  pressure)  at  the  center  of  the 
SF^  line  overlapping  the  CO^  P(18)  transition  is  approximately  0.  7  cm  *Torr"^. 
Since  the  full  Doppler  width  for  SF^  at  300°K  is  very  nearly  30  MHz.,  the  absorp¬ 
tion  coefficient  at  a  frequency  15  MHz.  away  from  line  center  is  reduced  by  a  fac- 
tor  of  2,  that  is,  the  value  of  a  in  equation  (11)  is  approximately  0.  35  cm”  Torr"  . 
This  agrees  well  with  the  value  obtained  through  direct  measurement  of  the  attenua¬ 
tion  of  a  small  signal  through  the  absorber. 

2.  3.  4  Angular  Discrimination 

The  angular  discrimination,  as  defined  in  section  2.  2.  1,  was  measured  as  fol¬ 
lows:  The  outputs  of  hoth  lasers  were  unblocked  and  the  pressure  in  the  SF^  ab¬ 
sorption  cell  was  set  to  approximately  200  mTorr.  The  iris  diameter  was  set  to 
4.  7  mm.  which  was  determined  by  the  requirement  that  the  beam  area  must  not 
increase  by  more  than  a  factor  of  2  from  the  center  of  the  absorption  cell  to  the 
windows  (refer  to  equation  (1)).  The  radius  of  the  spot  at  the  center  of  the  cell  can 
be  calculated  using  equation  (2)  to  be  0.  54  mm.  using  a  value  of  20  cm.  for  the  lens' 
focal  length.  The  output  of  laser  2  was  chopped  and  synchronously  detected  and  ad¬ 
justed  to  the  minimum  intensity  necessary  to  give  satisfactory  readings.  The  angu¬ 
lar  orientation  of  the  small-signal  beam  (laser  2)  with  respect  to  the  strong  beam, 
was  then  varied  using  a  micrometer  screw  incorporated  into  the  beam  splitter  mount. 
The  intensity  of  the  chopped  signal  reaching  the  detector  was  recorded  for  several 
values  of  angular  displacement  and  is  shown  plotted  in  Figure  9.  The  frequency  of 
the  signal  was  periodically  adjusted  to  insure  that  the  frequencies  of  the  two  beams 
were  held  together. 

The  results  of  this  procedure  show  that  the  observed  hole  size  compares 
favorably  with  the  calculated  theoretical  hole  size. 

2.  3.  5  Large  and  Small-signal  Attenuation 

The  attenuation  of  a  strong  saturating  field  propagating  through  the  SF^  can 
be  measured  directly,  or,  as  was  done  here,  by  probing  the  saturated  medium  with 


SPOT  DISPLACEMENT  (mm) 
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a  weak,  non- saturating,  modulated  test-beam. 

The  outputs  of  both  lasers  were  directed  through  the  absorption  cell  in  the  set¬ 
up  shown  in  Figure  7  and  the  angular  alignment  was  adjusted  so  that  the  two  beams 
were  exactly  coincident  within  the  cell.  The  lasers  were  tuned  to  the  proper  point 
on  the  P(  18)  line  and  laser  2  was  adjusted  to  the  minimum  intensity  necessary  to 
give  satisfactory  results.  The  pressure  was  set  to  the  desired  value,  and  the  fre¬ 
quency  of  laser  2  was  adjusted  to  that  of  laser  1.  The  intensity  of  the  chopped  sig¬ 
nal  reaching  the  detector  was  measured  using  the  lock-in  amplifier  and  recorded. 
Next,  the  (saturating)  beam  from  laser  1  was  blocked  and  the  amount  of  signal  was 
again  measured  and  recorded.  The  ratio  of  the  two  values  is  the  ''apparent"  hole 
depth,  H,  as  defined  in  section  2.  2.  2.  2.  The  results  of  these  measurements  (at 
various  pressures  in  the  range  100-500  mTorr)  are  shown  plotted  in  Figure  10 
along  with  the  theoretical  predictions  using  the  theory  of  section  2.  2.  2.  2.  The  fit 
is  quite  good,  and  again  the  chief  source  of  error  is  probably  the  assumptions  con¬ 
cerning  the  geometry  of  the  beam. 

2.  3.  6  Spectral  Discrimination 

In  order  to  measure  the  spectral  extent  of  the  hole,  laser  l's  output  was 
blocked,  and  laser  2  was  adjusted  to  the  minimum  usable  level.  A  low-frequency 
sweep  voltage  was  applied  to  the  piezoelectric  element  used  to  tune  laser  2.  The 
sweep  voltage  varied  in  linear  manner  from  zero  to  *  450  v.  The  amplified  output 
of  the  detector  was  displayed  on  the  oscilloscope  and  is  shown  in  Figure  11,  The 
D.  C.  bias  on  the  piezoelectric  element  was  varied  to  shift  the  swept  laser  output 
pattern  on  the  oscilloscope  through  one  longitudinal  mode  and  the  total  number  of 
screen  divisions  corresponding  to  this  mode  were  noted.  This  allowed  calibration 
of  the  oscilloscope's  horizontal  axis  since  it  is  known  that  the  cavity  frequency  in¬ 
terval  between  any  two  adjacent  longitudinal  laser  modes  is  given  by  c/2L.  The 
calibration  factor  was  calculated  to  be  8.  4  MHz/cm. 

When  the  output  of  laser  1  was  unblocked  and  directed  through  the  cell,  there 
was  a  dramatic  increase  in  the  transmission  of  the  medium  in  the  spectral  vicinity 
of  the  saturating  beam.  A  typical  sweep  of  the  hole  is  shown  in  Figure  12.  The 
oscillograph  was  made  by  use  of  multiple  exposure;  several  successive  sweeps 
were  photographed  with  laser  1  blocked  and  then  unblocked. 

In  order  to  more  accurately  probe  the  medium,  it  was  found  necessary  to 
reduce  the  level  of  laser  2  to  a  smaller  intensity  than  was  used  to  obtain  the  os¬ 
cillograph  of  Figure  12.  This  was  necessary  to  insure  that  the  intensity  of  laser  2 
was  much  less  than  the  saturation  intensity,  which  was  assumed  in  the  theory  of 
section  2.  2.  3.  The  reduced  signal  level  required  the  use  of  synchronous  detection 
to  give  a  usable  display. 
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Fig.  11  Swept  P(18)  laser  mode.  Upper  trace:  Absorber  cell  evacuated 

Lower  trace:  SF6  pressure  300  mTorr .  (Hor.:  approx.  5MHz/div.) 


Fig.  12  A  Typical  Hole.  Transmission  of  the  absorber  is  increased  due 

to  saturation  of  the  medium  by  laser  1.  Note  presence  of  beat 
note.  (Hor.:  approx.  5MHz/div.) 
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The  pressure  in  the  SF^  cell  was  set  to  various  pressures  in  the  range  100  to 
500  mTorr.  and  the  unfiltered  output  of  the  lock-in  amplifier  was  displayed  on  the 
oscilloscope  and  recorded  photographically.  In  each  case,  the  minimum  test-beam 
intensity  was  used.  The  results  of  this  procedure  are  shown  in  Figure  13. 

The  full  width  at  half  maximum  (FWHM)  of  the  holes  shown  in  Figure  13  were 
measured  and  are  shown  plotted  in  Figure  14.  The  width  remains  essentially  con¬ 
stant  (within  experimental  error)  over  the  pressure  range  indicated  in  agreement 
with  the  theory  of  section  2.  2.  3  (see  Figure  6).  Comparison  of  the  theoretical 
curves  with  the  measiired  FWHM  allows  an  estimate  to  be  made  of  the  pressure¬ 
broadening  coefficient,  K  ^  The  measured  FWHM  remains  approximately  constant 
at  ~  12  MHz.  As  seen  in  Figure  6,  this  corresponds  to  a  frequency  deviation  of 
~  12  (in  multiples  of  K  10).  The  pressure-broadening  coefficient  is  then 


K  b  ~  H(Z^l- -1—  =  1 0  MHz/ Tor r  . 


pb  (12) 

(1  5 ) 

This  agrees  closely  with  the  values  reported  previously'  *  . 

The  conclusions  of  this  study  and  recommendations  for  further  work  are  given 
in  Section  5. 
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maim  ined  at  140mW.  The  pressure  was  (left  te  right,  top  to  bottom) 
250,  300,  and  500mTorr  respectively.  (Hor.  :  8.4MHz/div.) 


5.  0  EXPERIMENTAL  STUDY  OF  A  XENON-XENON  BALAD  RECEIVER  SYSTEM 

The  equipment  which  has  been  assembled  for  this  study  includes  two  He-Xe 
lasers,  a  pure  xenon  discharge  absorpti  a  cell,  assorted  optical  elements  for  di¬ 
recting  and  modifying  the  laser  output  beams,  and  both  liquid  NT2  cooled  Ge:Au 
detectors  and  room  temperature  InAs  detectors.  The  shorter  of  the  two  lasers 
has  an  active  discharge  length  of  26  cm  and  a  6  mm  inside  diameter.  The  longer 
laser,  which  can  alternatively  be  used  as  a  laser  amplifier,  has  an  active  length 
of  69  cm  and  a  10  mm  I.  D.  The  lasers  were  at  times  operated  with  a  "standard" 
low-loss  laser  resonator  geometry  with  transmission  output  coupling  and  an  intra¬ 
cavity  aperture  to  restrict  laser  oscillation  to  the  fundamental  mode.  A  higher  out¬ 
put  power  was  generally  achieved  using  "diffraction  output  coupling"*”’.  In  the 
latter  case,  one  mirror  of  the  laser  resonator  consists  of  a  small  (e.  g.  ,  1  mm 
diameter)  gold  dot  supported  on  a  quartz  substrate.  The  useful  output  in  this 
geometry  consists  of  the  ordinary  "diffraction  loss"  which  is  coupled  around  the 
small  dot  reflector.  Both  lasers  are  excited  with  aluminum  cold  cathodes.  A 
non-excited  cathode  to  anode  return  path  is  provided  to  reduce  density  gradients 
due  to  cataphoresis. 

Two  absorber  cells  have  been  investigated:  One  with  a  10  mm  I.  D.  and  11  cm 
discharge  length*1’  and  another  with  a  5  mm  I.  D.  and  a  20  cm  discharge  length.  In 
order  to  operate  a  high  current  discharge  at  low  pressures  of  pure  Xenon  without 
excessive  sputtering,  thermionic  cathodes  were  used  in  both  absorption  cells. 

Xenon  cleanup  was  significant,  and  stable  operation  which  yielded  reproducible 
results  at  the  lower  pressures  could  be  achieved  only  after  continually  adding  more 
xenon  to  the  absorption  cell.  The  use  of  a  solid  xenon  reservoir  at  an  adjustable 
temperature*  could  help  overcome  this  difficulty.  The  comparison  of  the  two 
absorption  cells  indicates  that  the  optimum  operating  conditions  to  achieve  the 
maximum  absorption  scales  in  the  same  manner  as  the  optimum  conditions  for 
maximum  gain  in  the  laser  discharge.  That  is,  the  *  mm  I.  D.  cell  yielded  twice 
the  maximum  absorption  coefficient  as  the  10  mm  I.  D.  cell  (a  =  60  dB/m)  and  the 
maximum  occurred  for  twice  the  pressure  (100  mTorr)  and  half  the  total  current 
(  0  mA).  It  has  been  difficult  to  achieve  noise-free  operation  of  the  xenon  dis¬ 
charges,  particularly  in  the  pure  xenon  discharge  of  the  absorbers. 

The  detailed  description  of  the  experiments  and  the  experimental  results  will 
be  reported  in  the  final  report. 
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4.  0  THEORETICAL  STUDY  OF  THE  PROPAGATION  OF  OPTICAL  PULSES  WITH 
LIMITED  TRANSVERSE  EXTENT  IN  SATURATED  ABSORBERS 

The  computer  program  which  describes  the  propagation  of  a  coherent  optical 
pulse  in  a  resonant  medium  has  been  extended  to  the  three  dimensions  with  cylin¬ 
drical  symmetry  as  suggested  previously^. 

Preliminary  results  indicate  the  existence  of  a  self-focusing  effect.  That  is 
an  initially  collimated  wave  (with  finite  transverse  extent)  is  brought  to  a  focus.  The 
work  is  progressing  and  the  complete  description  of  the  problem  and  the  experi¬ 
mental  results  will  be  presented  in  the  final  report. 

It  should  be  noted,  that  if  such  a  self-focusing  effect  exists  and  can  be  veri¬ 
fied  experimentally,  it  may  be  possible  to  guide  the  amplified,  coherent  signal  in 
the  BALAD  receiver  by  this  means,  and  achieve  attenuation  of  background  and 
spontaneous  emission  noise  by  means  of  spatial  filtering,  rather  than  having  to 
depend  on  "brute  force"  attenuation  in  the  saturable  absorber.  The  details  of  this 
possible  design  modification  will  be  discussed  in  the  final  report. 


s.  0  CONCLUSIONS  AND  RECOMMENDATIONS 

1.  The  spatial  filtering  capability  of  a  SF6  absorber  in  a  BALAD  receiver  con¬ 
figuration  has  not  been  experimentally  verified,  as  well  as  the  frequency  domain 
filtering  capability. 

C,‘  1  T^e  experimental  study  has  specifically  demonstrated  that  the  free-focus 
configuration  of  the  BALAD  receiver  using  sulfur  hexafluoride  can  be  used  to  filter 
wideband  and  wide-angle  noise  from  a  narrow-band  optical  signal  from  an  unresolved 
source.  The  angular  selectivity  of  such  a  system  is  approximately  equal  to  the  re¬ 
solving  power  of  the  collection  optics  for  an  appropriately  designed  absorber  con¬ 
figuration. 

Relative  noise  attenuations  on  the  order  of  10  db.  have  been  demonstrated 
and  higher  attenuations  can  be  obtained  through  optimization  and  the  cascading  of 
several  such  cells. 

The  attenuation  suffered  by  the  noise  which  is  approximately  coherent 
with  the  signal  is  affected  by  a  parametric  process  similar  to  the  so-called  "MARS" 
amplification. 

Areas  in  which  further  research  would  be  desirable  include  the  extent  to 
which  attenuation  is  dependent  on  polarization,  the  effect  of  diffusion  at  much  lower 
pressures  and  smaller  spot  diameters,  the  effect  of  thermal  gradients  within  the 
absorber,  the  effect  of  parametric  processes  on  noise  coherent  with  the  signal,  and 
alternate  structures  to  prevent  the  beam  from  respreading. 

2.  The  xenon-xenon  system  is  assembled  and  the  experimental  test  of  that 
BALAD  system  is  in  progress.  Difficulties  have  been  encountered  in  maintaining 
low  noise  operation  of  the  xenon  discharges.  This  task  is  continuing  and  results 
will  be  reported  in  the  final  report. 

?.  A  self-focusing  effect  has  been  uncovered  in  the  theoretical  study  of  the 
propagation  of  optical  pulses  in  a  resonant  absorber  in  three  dimensions.  If  this 
effect  can  be  verified  experimentally,  an  improvement  in  the  design  and  perfor¬ 
mance  of  the  BALAD  receiver  may  be  possible.  This  task  is  continuing  and  re¬ 
sults  will  be  reported  in  the  final  report. 
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APPENDIX  A 

Integration  of  Equations  (5)  and  (37) 


The  propagation  of  a  monochromatic  plane  wave  through  an  inhomogeneously 
broadened  medium  is  given  by  equation  (5)  or 


-a  dz 
o 


(1  +  s)* 
s 


ds 


(Al) 


which  integrates  to 


-a  i  = 
o 


JLL_LlL  ds  =  A(s) 


(A2) 


where  l  is  the  length  of  the  absorber 
s  is  the  normalized  intensity 
a  is  the  unsaturated  absorption  coefficient. 

y 

Using  the  substituti  on  w  =  (1  +  s  )2 


(A3) 


Letting  Vj  =  w  +  1  and  v,  =  w  -  1 


i 


V1  '  v2 


(A4) 


=  (v,  +  v_)  +  In 
l  2  \  v 


(A  5 ) 


Substituting  back  for  s 


A(s )  =  2(1  +  s  )2  +  In 


(1  +  s)2  -I 

(1  +  s  +  1 


(A6) 


which  can  be  rearranged  to 


A(s)  =  Ins  +  2(1  +  s)2  -  2  ln[(l  +  s)2  +  l] 


(A7) 


The  propagation  of  a  small-signal  field  at  frequency  v  through  a  saturable 
absorber  in  which  a  "hole"  has  been  burned  by  a  saturating  field  at  frequency  v  is 
described  by  equation  (37),  or 

du  _  ((1  +  s  )?  +  i)  +5  fl  +  s)^  ds 

u  '  «i  tsii  +  n2  +62  J ~  ,A8) 

where  5  is  the  frequency  difference  normalized  to  the  homogeneous  half-width. 
Equation  (A8)  integrates  to 


u2  =  Uj  exp  (<}>( s2)  -  tb(s  j)j 


who  re 


(b{ s)  =  f  ((1  +  sb  +  n2  +52(1  +  i)Z  ds 
L  ((1  +  s)*  +  l)2  +  52  s 


Using  the  substitution  w  =  (1  +  s  H 


r L&J  d„. 

(w  +  IT  +  5*  w^  -  1 


With  the  benefit  of  equation  (A6)  and  some  hindsight,  a  trial  solution  is  assumed  of 


the  form 


6(s)  =  In  ^  +  S)  i  1  +g(s) 

J1  +  s)*  +1 


Di  ffe  rentiating 


Using  equation  (All), 


6(w)  =  ln  (Si-!)  +g(w)  • 


a'  _  (w  +  1)  w  +  1  -  w  +  1  .  '  .  . 

°  (w)  "  uT^I)  -  ..2  +e  (w) 

(w  +  I  ) 


s'  M  =  [<»  *  '>Z  -  (  2- 

\w^  -  V  L(w  +  1)  +  Vw-  .  1 


Equation  (A  15)  can  be  written  as 


g'(w)=  2w_t2(l  +8‘) 
S  '  '  P(w) 
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where  P(w)  =  (w  +  l)2  +  5  2. 


Integrating 


g(w)  =  2  fp7^7Tdw  +2<1  +52>  fi 


dw 


P(w)  '  P(w)  * 

The  integrals  may  be  evaluated  using  a  table  of  integrals*10* 


g(w)  =  2 


f  In  P(w)  - 


dw 

P(w) 


+  2  f  dw  +  25 2  f  dw 
+  ^  'P(w)  +  26  '  PM  * 


g(w)=  InP(w)  +  25  2 


-1 


=  In  P(w)  +  26  tan"  ((w  +  1 ) / 5  )  . 

The  function  $(w)  is  then  given  by 

'*(W)  =  ln  ~(w"  +'  1)  ln  ((w  +  1)2  +  fi2>  +  26  tan" 

Equation  A(21)  can  be  rearranged  to  yield 


w  +  1 


&  (w)  =  In  s  +  In 

(w  +  l)2  +  5 2 

+  26  tan  1 

(w  +  1) 

f 

(w  +  ir 

0 

WMMWffloa »»S3“***E5Kaft» 


(A  171 

(A18) 

(A  1 9) 

(A20) 

(A21) 

(A22) 


Equation  (A22)  is  the  result  cited  in  equation  (39). 


APPENDIX  B 
Computer  Programs 

This  Appendix  contains  the  programs  used  to  obtain  various  numerical  results 
used  in  this  report.  The  programs  are  as  follows: 

1.  SALAD  I .  Used  to  evaluate  the  Attenuation  function,  A(s),  for  values  of  s 
in  the  range  of  0.  1  -  s  -  500,  The  results  are  shown  plotted  in  Figure  4. 

2.  HOLEDEEP.  Used  to  evaluate  the  "real"  hole  depth,  R,  and  the  "apparent" 
hole  depth,  H,  as  given  by  equations  (8)  and  (19)  respectively.  The  results  are  shown 
plotted  in  Figure  10. 

3.  TRY.  Used  to  evaluate  the  small-signal  attenuation  (linear  model)  as  given 
by  equations  (38)  and  (39). 

The  programs  are  written  in  PLAGO,  a  compatible  version  of  PL/l.  They 
were  processed  on  an  IBM  System  370  Computer. 
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$  BEGIN 
P  L  A  G  O 


VERSION  2.  20 


STMT  BLK  NEST 


0 

1 

2 

3 

4 

s 

6 

7 

a 

9 

10 
1 1 
12 

13 

14 

15 

16 

17 

18 

19 

20 


BALADIrPROC  OPTIONS(MAIN); 

DECLARE  N1(4),N3(4),D(4); 

N  1  =  11; 

N2=l  0 1; 

N2(4)=  5 1; 

PUT  SKIP  LIST('S  IS  NORMALIZED  INTENSITY'); 
PUT  SKIP  (2)  (LIST(»  S' ,  '  S(DB)'  ,  '  F(S)' ,  '  FN(S)'  ); 
MLOOP:DO  M  =  1  TO  4; 

1  D(M)=  10.  **(3-M); 

1  JLOOP:DO  J  =  N1(M)  TO  N2(M); 

2  B=  J-l; 

2  S=B/D(M); 

2  RT=SQRT(  1.  +S); 

2  F=2*RT+LOG((RT-l)/(RT  +  l)); 

2  FN=F-(2.  -LOG(4)); 

2  DB=  10.*LOG10(S); 

2  PUT  SKIP  LIST(S,  DB,  F,  FN); 

2  END  JLOOP; 

1  PUT  SKIP (2); 

1  END  MLOOP; 

END  BALADI; 


$DATA 

$END 


1 


$BEGIN 

P  L  A  G  O  VERSION  2.  20 

STMT  BLK  NEST  TEXT 

0  HOLEDEEP:PROC  OPTIONS  (MAIN); 

1  DECLARE  P(6); 

2  P(l)=.  1;P(2)=.  1  5;P(3)= .  2;P(4)=.  25;P(5)=.  3;P(6) 

8  JLOOPrDO  J  =  1  TO  6; 

9  1  SN=  3.  12/(P(J)**2); 

10  1  PR=P(J); 

11  1  AL=  17.  5*.  35*P(J); 

12  1  RT=  SQRT(l-HSN); 

13  1  AF=  LOG(SN)  +2*RT-2*LOG(RT+l ); 

14  1  AOUT  =  AF-AL; 

15  1  SGS=SN/2.  ; 

16  1  KLOOP:DO  K=  1  TO  5; 

17  2  RTG=  SQRT(  1  tSGS); 

18  2  C=  LOG(SGS)  f2*RTG-2*LOG(RTG  +  l  )-AOUT; 

19  2  C=  (C*SGS)/RTG; 

20  2  SGS=  SGS-C; 

21  2  PUT  LIST(SGS); 

22  2  END  KLOOP; 

23  1  H=  (SGS/ SN)*EXP(AL); 

24  1  HAPP=H*SQRT((  1 4-SN)/ (1+SGS)); 

25  1  PUT  SKIP  LIST  (' PRESSURE=  '  ,  PR); 

26  1  PUT  SKIP  LIST  ('  AL= '  AD- 

27  1  PUT  SKIP  LIST  (•  Hs'.H); 

28  1  PUT  SKIP  LIST  (*H  APPARENT=  ' ,  HAPP); 

29  1  PUT  SKIP  LIST (•  S  IN=',SN); 

30  1  PUT  SKIP  LIST  (' S  OUT=  ' ,  SGS); 

31  1  PUT  SKIP(4); 

32  1  END  JLOOP; 

33  PUT  FAGE; 

34  END  HOLEDEEP; 
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$BEGIN 


P  L  A  G  O  VERSION  2.  20 


STMT  BLK  NEXT 


TEXT 


0 

1 

2 

3 

4 

5 

6 

7 

8 
9 

10 
1 1 
12 

13 

14 

15 

16 

17 

18 

19 

20 
21 

23 

24 
26 

27 

28 

29 

30 

31 

32 

33 

34 

35  1 

36  1 

37  1 

38  1 

39 

40  1 

41  1 

42  1 

45  1 

46  1 

47  1 

48  1 

49  1 

50 


TRY:PROC  OPTIONS(MAIN); 

DECLARE  LINE  CHAR(120); 

LINE=  (120)  »*'  ; 

PUT'SKIP  LIST  (LINE); 

PUT  SKIP(4)LIST  ('  FREQ  DEV  IS  IN  MULTIPLES  OF  PBF/  10’  )• 
ILOOP:DO  I  =  1  TO  20; 

1  GET  LIST  (SN,  P); 

1  G=  0.2/P; 

1  AL=  17.  5*.  35*P; 

1  PUT  SKI P ( 4 )  LIST  (LINE); 

1  PUT  SKIF  ’2)  LISTC  PRESSURES  P); 

1  PUT  SKIP  LIST('AL=',AL); 

1  PUT  SKIP  LIST (•  S  IN  =  ' ,  SN); 

1  C-  ATT  (SN); 

1  S=  SN:':EXP(-AL); 

1  KLOOP:DO  K=  1  TO  8; 

2  S=S-  ((ATT (S)  +AL-C  )*S/ SQRT (1  +S) ); 

2  END  KLOOP; 

1  PUT  SKIP  LIST(' S  OUT  =',S); 

1  PUT  SKIF(2)  LIST('  FREQ  DEV' ,' S.  S.  ATTEN.  '  '  ATTEN 
NORM.  '  );  ’ 

1  JLOOP:DO  J=0  TO  20; 

2  DELTAS  J;DELTA=DELTA*G; 

2  A=BAND(S,  DELTA)/ BAND(SN.  DELTA); 

2  IF  J=0  THEN  AMAX=A; 

2  AREL=  A/ AMAX; 

2  PUT  SKIP  LIST(J,  A,  AREL); 

2  END  JLOOP; 

1  A=  EXP(- AL); 

1  AREL=  A/AMAX; 

1  3UT  SKIP  LIST ('  INFINITY' ,  A,  AREL); 

1  END  ILOOP; 

GO  TO  FIN; 

ATT:PROC(X); 

1  RT=  SQRT  ( 1  +X); 

1  F=2*RT+LOG(X)-2*LOG(RT+l); 

1  RETURN(F); 

1  END; 

BAND:  PROC  (X,  D  ); 

1  RT=SQRT(1  +X); 

1  RPW=  RT  +  1; 

1  T-0;  IF  D=0  THEN  GO  TO  FS; 

1  T=  2*D*ATAN(RPW/D); 

1  FS:F=  X*  (RP W^-2  +D;”!2)*  EXP(T ); 

1  FsF/(RPW**2); 

1  RETURN(F); 

1  END; 

FIN: END  TRY; 
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APPENDIX  C 


Signal  to  Noise  Ratio  Calculations 

The  effect  of  a  saturable  absorber  on  the  detected  signal  to  noise  ratio  (S/N) 
is  calculated*  for  two  cases:  noise  which  is  approximately  coherent  with  the  signal, 
and  totally  incoherent  noise. 

CASE  1:  Coherent  noise 


Narrowband  random  noise  can  be  represented  by  in-phase  and  quadrature 


(9) 

components  . 


E  =  E  cos  w  t  +  n  (t)  cos  □  t  +  n  (t)  sin  u  t 
o  o  c  o  s  o 


(A23) 


where  E  is  the  signal  field  amplitude  and 


n^ft),  ng(t)  are  the  in-phase  and  quadr  xture  noise  components  respectively 
and  have  independent,  zero-mean  gaussiai.  distributions. 

The  intensity  of  the  field  is  then 


I (t)  =  E^  =  (E  +  n  cos^  w  t  +  n^  sin^  w  t 
o  c  OS  o 


(A24) 


2  (E  +  n  )n  sin  w  t  cos  w  t 
o  c  s  o  o 


When  equation  (A24)  is  simplified,  integrated  over  a  time  long  compared  to  the  opti¬ 


cal  period,  and  only  first-order  terms  retained  (this  assumes  nc  and  ng  are  small 


compared  to  Eq),  the  result  is 


I  =  -sp  +  E  n  (t), 

c.  O  C 


(A2  5) 


Normalizing  to  the  saturation  intensity,  I  ,  yields 


r  E  E  n  (t) 

s  5  —  =  2J-  + - J - 1  s  +  A  s(t)  . 

s  s  s 


(A26) 


When  the  field  is  incident  on  a  photodetector,  it  gives  rise  to  signal  and  noise 
currents  given  by 


i  =  K,I  s 
s  d  s 


(A27) 


i  =  K  I  As(t)  . 
n  s  s 


* Thi s  treatment  neglects  all  noise  sources  other  than  spontaneous  emission  noise 
and  background  noise. 
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The  detected  signal  to  noise  ratio  (power  ratio  is  then 


(S/N) 


.2  .2 
1 

s  _ 

det  -=•  ~  t2 


i2  W 


(A28) 


From  equation  (22) 


2 

As, 


1  R 


■8,  •  H  • 


(A29) 


Therefor  e 


(S/N).,  =  (S/N),  (R2/H2)  . 


(A30) 


CASE  2:  Totally  Incoherent  Noise 

In  this  case,  no  heterodyning  of  the  noise  with  the  signal  is  present,  since  the 
two  fields  are  incident  on  physically  distinct  areas  of  the  detector,  or  have  a  fre¬ 
quency  difference  outside  the  detector  bandwidth,  or  both.  Only  fluctuations  in  the 
total  optical  noise  power  a-e  seen  at  the  detector.  The  mean-square  fluctuation  of 
the  intensity  of  the  noise  field,  falling  within  the  detector  bandwidth  A  f,  are  given 
by(20) 

T2  ,, ,  1  A  f  2  . .  , . . 

1  (t)=  2  A7Pn  (A31) 


where 


A  i/  is  the  noise  bandwidth 
P^  is  the  total  noise  power. 


This  gives  rise  to  a  photodetector  noise  current,  i 


Xn  2  At/ 


ft)  • 


(A32) 


The  signal  current  is 


i  =  K  ,P 
s  d  s 


(A34) 


where  Pg  is  the  signal  power  (optical). 

The  signal  to  noise  ratio  i  then 


(A3*) 


i  ^Af/2Ar  P” 


In  traveling  through  the  saturable  absorber,  the  signal  intensity  (power)  is  attenuated 
by 


(A  36) 


while  the  noise  is  attenuated  by 


( A  3  7 ) 


Combining  equations  (A3S),  (A36)  and  (A3 7 )  yields 


(S/N)2  =  (S/N),  (R2) 


(A  3  8 ) 


